Genetic screens have been performed to identify mutants with altered auxin homeostasis in Arabidopsis. A tagged allele of the auxin-overproducing mutant sur2 was identified within a transposon mutagenized population. The SUR2 gene was cloned and shown to encode the CYP83B1 protein, which belongs to the large family of the P450-dependent monooxygenases. SUR2 expression is up-regulated in sur1 mutants and induced by exogenous auxin in the wild type. Analysis of indole-3-acetic acid (IAA) synthesis and metabolism in sur2 plants indicates that the mutation causes a conditional increase in the pool size of IAA through up-regulation of IAA synthesis. 
I
ndole-3-acetic acid (IAA) represents one of the most important plant hormones, regulating many aspects of plant growth and development, from seed germination to fruit ripening (1) . Auxin interacts with other endogenous regulators and external environmental factors such as light or temperature. Strict control of the endogenous IAA concentration is therefore of great importance. The balance between auxin biosynthesis and metabolism, including conjugation, deconjugation, and catabolism, determines the level of the hormone (2, 3) . The molecular mechanisms involved in the control of IAA homeostasis are far from fully elucidated, but the recent development of genetic and molecular approaches opens up possibilities for addressing this problem.
In the last decade, the model plant Arabidopsis thaliana has been used to identify several mutants altered in auxin signal transduction, transport, and conjugation (reviewed in ref. 4) . Although no auxin auxotrophic mutant has been isolated so far, it has been possible to isolate mutants of Arabidopsis such as superroot1 (5) and superroot2 (6) that overproduce auxin. The phenotype of these mutants can be mimicked by growth of wild-type seedlings on medium containing auxin. sur1 and sur2 seedlings have an elongated hypocotyl, epinastic cotyledons, an increased number of lateral roots, and many adventitious roots originating from the hypocotyl. Both mutants contain an increased amount of free IAA. rooty, a tagged allele of sur1, was identified (7) . The ROOTY gene encodes a protein similar to a tyrosine aminotransferase, the role of which in the control of auxin homeostasis has yet to be elucidated.
A tagged allele of sur2 was identified in Arabidopsis lines carrying independent En-1 elements (8, 9) . The SUR2 gene was cloned and shown to encode the CYP83B1 protein, which belongs to the large family of plant cytochrome P450-dependent monooxygenases (10) . Cytochrome P450 (cyt P450) enzymes are involved in a wide range of secondary metabolic pathways, in the biosynthesis of macromolecules such as cuticule and lignin, and in the biosynthesis of plant growth regulators such as jasmonic acid, gibberellins (reviewed in ref. 11) , and brassinosteroids (12) (13) (14) . Two cyt P450 genes have recently been identified in Arabidopsis that encode proteins catalyzing reactions that potentially can be linked to the indole-acetonitrile-dependent IAA biosynthesis (15) . In this article we show that a mutation in the gene encoding the CYP83B1 protein conditionally induces auxin overproduction, suggesting that this cyt P450 is involved in the modulation of IAA biosynthesis in Arabidopsis. DNA Preparation, Amplification, and Sequencing. Genomic DNA was prepared by using the cetyltrimethylammonium bromide method (17) .
Materials and Methods
Based on the expressed sequence tag (D78598) sequence, specific primers were designed for gene amplification on genomic DNA. Obtained fragments were purified on 1% agarose gel, cloned, or directly sequenced (Genome Express, Montreuil, France). Sequences were obtained from at least three independent amplifications for both alleles and wild type. The data were analyzed by using computer software DNA STRIDER for Macintosh (18) .
Northern Blot Analysis. Total RNA was prepared as described (19) . Twelve micrograms of total RNA was used for Northern blots that were probed with a 32 P-labeled SUR2 cDNA fragment. Quantifications were performed with a PhosphoImager BAS2000 image analyzer (Fuji).
Thermal Asymetric Interlaced-PCR (TAIL-PCR).
TAIL-PCR was performed following the published protocol by using the degenerate primers AD1, AD2, and AD3 (20) as well as a further primer, AD4 (NWGSTTMGAACNCGCT). Specific nested primers to the En-1 element were designed.
Digoxigenin-Labeled Probing. Probes were digoxigenin-labeled by using PCR incorporating 11-digoxigenin-dUTP (Roche Molecular Biochemicals). The probes to the 3Ј end of the En-1 element and to the 5Ј end of the SUR2 gene were made by using specific primers. Hybridization and detection procedures were carried out as described in the manufacturer's nonradioactive in situ hybridization application manual (Roche Molecular Biochemicals).
Sequencing of Footprint Alleles. DNA was prepared from 10-dayold mutant F 3 seedlings. The region encompassing the En-1 insertion site within the SUR2 gene was PCR-amplified and sequenced on an Applied Biosystems Prism 310 fluorescent DNA analyzer. Metabolic Profiles. Metabolic profiles were obtained as described (22) with the following modifications. Wild-type and sur2 plants were grown in the liquid culture system for 5-6 days, after which time the growth medium was replaced with fresh medium containing 1 M [ containing 30% methanol (for IAA metabolites) or 80% methanol (for indole metabolites). Samples purified on Isolute C 18 solid phase extraction columns were analyzed by HPLC (Waters, Millipore) with a radioactivity detector (Reeve Analytical Ltd., Glasgow, U.K.) as described (22), except for indole metabolites, for which the methanol in the mobile phase was increased to 20% for the initial conditions. Compounds from D 5 labeling experiment were separated on HPLC, by using the same conditions as used for indole metabolites; 5-min (4-ml) fractions were collected and analyzed by GC͞MS.
Results

Identification of an Adventitious Rooting Mutant.
A population of 3,000 lines of Arabidopsis (Col0) carrying approximately 15,000 independent En-1 elements (8, 9) were screened for mutants that produced increased numbers of adventitious roots originating from the hypocotyl. For each independent line, 25 seedlings were screened, resulting in the identification of four seedlings from line I-33, which formed an abnormally high number of adventitious roots and which also had epinastic cotyledons. The mutant I-33 was crossed to the previously described adventitious root mutants sur1 and sur2 and thereby shown to be allelic to sur2.
Identification and Isolation of the SUR2 Gene. Southern hybridization revealed up to 10 En-1 elements to be present within the I-33 line (data not shown). A F 2 population segregating for the sur2 mutant phenotype was generated by outcrossing line I-33 with Col0. F 2 plants showing a wild-type phenotype were genotyped in the F 3 generation. DNA prepared from 30 F 2 plants and probed with the 3Ј En probe failed to reveal a single En-1 element that cosegregated with the mutant and hemizygous F 2 plants. The En-1 transposable element used in generating the AMAZE population is autonomous, leading to the possibility that the En-1 element had been excised, leaving a footprint mutation. To circumvent the difficulties caused by this event, the analysis was performed by using pools of hemizygous or wild-type F 2 plants. DNA was prepared from pools of five ϩ͞ϩ F 2 lines and pools of five sur2͞ϩ F 2 lines, restricted with EcoRV, then Southern hybridized with a 3Ј En-1 probe. A 5-kb band was present in the sur2͞ϩ samples and absent from the ϩ͞ϩ pool, providing a candidate for the En-1 element causing the sur2 phenotype (Fig. 1A) . that had been restricted with EcoRV was size selected between 4.5 and 5.5 kb and then subjected to TAIL-PCR (20) , by using degenerate primer AD1, AD2, AD3, or AD4 together with three nested En-1 specific primers. The AD4 reaction amplified a product of approximately 600 bp in the tertiary PCR that was absent in the Col0 control (data not shown). DNA sequence analysis demonstrated almost complete homology to the 5Ј end of a cDNA encoding the cytochrome P450 CYP83B1 (10) .
DNA prepared from ϩ͞sur2 and ϩ͞ϩ plants was probed with the region of the cytochrome P450 gene spanning the putative insertion position to verify that the CYP83B1 gene identified by homology to the TAIL-PCR product contains an En-1 insertion. The ϩ͞ϩ sample produced a single band, whereas the ϩ͞sur2 produced three bands (Fig. 1B) , one corresponding to the wild-type gene copy and the other two resulting from the En-1 insertion disrupting the gene.
Cosegregation of the Mutant Phenotype with an Insertion in the CYP83B1
Gene. The putative En-1 insertion within the CYP83B1 gene causing the sur2 mutant phenotype was verified by examining the cosegregation of the insert with the mutant phenotype. A PCR diagnostic was established by using En-1 and CYP83B1 specific primers. All 11 F 2 mutants produced a diagnostic PCR product, demonstrating the presence of the En-1 element within the CYP83B1 gene (data not shown). The En-1 element was inserted 180 bp 3Ј to the putative start codon and had resulted in a characteristic A͞T-rich target site duplication ( Fig. 2A) (23, 24) . Of the 39 phenotypically wild-type F 2 plants, 19 produced the diagnostic PCR product and were all genotyped as sur2͞ϩ in the F 3 generation (data not shown). Of the 20 F 2 plants that failed to produce a diagnostic PCR product, 16 were shown to be ϩ͞ϩ, but the remaining four were demonstrated to be sur2͞ϩ and thus did not show cosegregation of the En-1 element with the mutant phenotype. The region of the SUR2 gene containing the insertion site of the En-1 element was amplified and sequenced for the four F 2 lines that did not demonstrate cosegregation. Three of the sequences showed an identical 4-base insertion (TATA) at the site of the En-1 insert, whereas the fourth showed a 2-base insertion (TA), also at the En-1 insertion site (Fig. 2 A) . sur2-1 and sur2-2 Alleles. Analysis of CYP83B1 expression in wild-type and sur2-1 and sur2-2 mutants was performed on total RNA, by using the fulllength cDNA as a probe. A transcript of 1.6 kb was detected in the wild type. In the sur2-1 allele a transcript with a higher molecular weight could be detected, but no transcript was detectable in sur2-2 mutants, even after a long exposure time (Fig. 2C) . Genomic DNA was sequenced for both alleles and wild type. sur2-1 shows a 61-bp insertion (data not shown), 441 bp downstream of the transcription initiation codon ATG, leading to the formation of a stop codon, 142 amino acids after the first Met. This insertion corresponds to a duplication of part of the CYP83B1 gene itself and to an unknown sequence that may be due to a DNA repair mechanism associated with the failure of the insertion of the T-DNA. The sur2-2 allele does not show any mutation within the ORF region of the gene sequence or of the 180 bp upstream of the ATG. Failure to amplify the 850 bp upstream of the ATG by PCR suggested that a rearrangement probably had occurred in this region. Collectively, these results confirm that SUR2 encodes CYP83B1. SUR2 Gene Expression Is Induced by Auxin. SUR2 (as CYP83B1) has already been shown to be expressed in all organs and preferentially in the roots (10) . It was demonstrated that wounding enhanced the expression of the gene (10) .
Sequencing and CYP83B1 Expression Analysis in the
Sequence analysis of the promoter region identified an auxinresponsive element, TGTCTC. Auxin-responsive elements are found in promoters of primary͞early auxin-response genes and specifically interact with auxin-responsive factors that mediate auxin response (25) . We have examined the expression of SUR2 after short-term IAA induction (Fig. 3A) . Twelve days after germination wild-type seedlings were transferred to liquid medium without or with auxin. In the control experiment without auxin, SUR2 was induced after the seedlings had been incubated for 30 min in liquid medium, which probably reflects a stress response (data not shown). When 5 M IAA was added to the medium, a clear induction could be observed after 1 h. The expression was induced 2-fold after 1 h and could reach 5-6 times the wild-type level after 7 h in the presence of IAA (Fig. 3A) . When seedlings were grown for 12 days on media containing increasing concentrations of IAA or 2,4 dichlorophenoxyacetic acid, a clear induction of the SUR2 gene expression could be observed. SUR2 was induced 2-fold by 1 M IAA (Fig. 3B) . The level of expression was between 6-and 9-fold higher when seedlings were grown in the presence of 5 M IAA or 2,4 dichlorophenoxyacetic acid, respectively. Five micromolar piclorame, which can phenocopy sur2 phenotype in wild type (6), also strongly induced SUR2 expression in wild type (data not shown). Auxin could not induce SUR2 in the auxin-resistant mutant axr1 (data not shown), but the gene was strongly expressed in auxin-overproducing sur1-3 mutants (Fig. 3C) . The cytokinin benzylaminopurine or the ethylene precursor 1-aminocyclopropane-1-carboxylique acid had no effect on the expression of SUR2 (data not shown).
sur2 Mutants Show Increased Endogenous Levels of IAA Throughout the Seedling. It was previously shown that sur2 mutants contained higher levels of free IAA (6) . The endogenous content of free IAA is higher compared with wild type in all organs analyzed, demonstrating that the mutation causes up-regulation of the IAA pool in organs not normally believed to synthesize significant amounts of IAA (Fig. 4 A and B) . Previously it has been shown that the sur2 phenotype is transient because it reverts to a wild-type phenotype 12-15 days after germination (6) . This transient phenotype correlates with a decrease in the IAA content observed in the aerial part of the seedling and in the leaves when they start to expand (Fig. 4C) . A similar trend is observed in the roots from days 8 to 10 (Fig. 4B) . This similarity could be a result of the seedlings gaining the capacity, after the initial stages of growth, to modulate the endogenous auxin level through induction of additional homeostatic mechanisms, as observed in other plants during early seedling growth (K.L. et al., unpublished data).
The sur2 Phenotype Can Be Restored to a Wild-Type Phenotype by
Exogenous IAA or Low pH Medium. In vitro, the phenotype was heterogeneous, with most of the seedlings blocked in development at the cotyledon stage, whereas a minority developed like the wild type (6) . In an attempt to understand this heterogeneity, the mutants were subjected to a range of climatic conditions and media compositions. Two conditions were able to rapidly restore the wild-type phenotype. Surprisingly, when sur2 seedlings were grown in the presence of 1 M IAA the majority of the seedlings were able to develop, in contrast to those grown in the absence of auxin (Fig. 5 A and B) . Similarly, the sur2 mutants showed nearly normal cotyledons as well as expanded leaves when grown on a pH 5 medium (Fig. 5C ). In contrast, the sur2 phenotype was even stronger with increasing pH, with seedlings blocked at the cotyledon stage at pH 7 (Fig. 5D ). Both exogenous IAA and low pH were able to significantly decrease the endogenous level of IAA in the mutants (Fig. 6 A and C) but had no significant effect on wild type. Because IAN has been postulated to be an auxin precursor in Arabidopsis (reviewed in ref. 26 ), we also measured the endogenous level of IAN in the wild-type and sur2 seedlings treated under the different pH and IAA conditions. Interestingly, we observed that both low pH and 1 M IAA significantly decrease endogenous IAN levels in the mutant (Fig. 6 B and D) . 
Metabolic Profile of Exogenous IAA: Quantitative Analysis of the IAA
Conjugates and Catabolites. Exogenous IAA metabolism is shown in Fig. 7A (1 and 2) . The sur2 profile is very similar to that of wild type. Furthermore, sur2 plants can synthesize at least a limited set of the IAA conjugates. The peaks at retention time (RT) 43.8 and 45.6 min representing IAAsp and IAGlu amide-type conjugates were previously identified in Arabidopsis (22) . A low abundance peak observed in both profiles at RT 37.5 min is the oxindole-3-acetic acid sugar conjugate, followed by free 2-oxoIAA at RT 40.9 min, and the peak at 49.1 min represents unmetabolized IAA. The peak at RT 56.1 min in the wild-type profile is missing in the sur2 plants. GC͞MS analysis of extracts prepared from larger amounts of wild-type material allowed us to identify this compound as N-(indole-3-acetyl)-leucine (IALeu) (M.K., unpublished results). Assays of exogenous IAA metabolism in liquid cultures are prone to artifacts and are difficult to control quantitatively (22) . To overcome this problem, we used a GC͞MS-based method to directly quantify levels of the endogenous IAA conjugates and catabolites in sur2 and wild type. IALeu (Fig. 6H) and IAAla (data not shown) were indeed detectable in sur2 at a level similar to those in the wild type. IALeu, together with IAAla and IAPhe, is believed to be hydrolyzable and likely to play an important role in IAA homeostasis. Apparently sur2 can synthesize these conjugates; however, once IAA starts to accumulate, this ability is probably lost and the metabolism switched to form catabolites rather then hydrolyzable conjugates to cope with the increasing levels of the free hormone. Therefore, 6 days after germination, wild-type plants still produce IALeu (Fig. 7A1 ) from exogenous IAA, whereas sur2 has lost this capacity (Fig. 7A2) . The concentration of the endogenous 2-oxindole-3-acetic acid, a major catabolite in Arabidopsis, is 2-fold higher in sur2 compared with wild type (Fig. 6E) . Endogenous levels of IAAsp and IAGlu are also increased by at least 12-to 15-fold in the sur2 mutant (Fig. 6 F and G) . Both of these conjugates should be considered as catabolites rather then storage forms of IAA (22, 27) . These results are in agreement with the IAA-overproducing phenotype, causing accumulation of the auxin catabolites and conjugates (28, 29) . We observe that the pH of the medium has no effect on IAA conjugation or metabolism. (Fig. 7B) . In the mutant, characteristic double peaks of cis and trans trimethylsilyl derivatives of IAAld (in enol form) were easily observed, with intensities several times higher than the peaks of heavy labeled IAAld ( Fig. 7B 3 and 4) . In wild type, only a small endogenous IAAld peak and no peaks from heavy labeled IAAld are observed ( Fig. 7B 1 and 2) . On the incubation with a mixture of unlabeled and labeled Trp, we expected the isotope ratio to be 1:1, which was not the case. Therefore unlabeled IAAld must have accumulated in sur2 plants before the experiment. It can be concluded that the sur2 mutation leads to a change in the tryptophan metabolism, causing accumulation of IAAld. Nevertheless, the IAA peak (RT 49.1 min) was not present in the indole profile (Fig. 7A4) , and direct measurements of the IAA pool showed a 2-to 3-fold increase in sur2 (Figs. 4 and 6 ). In the labeling experiments only minute amounts of labeling were going through from IAAld to IAA, indicating that the conversion of IAAld into IAA was very slow. Therefore it is unlikely that the high amount of IAA will be linked to IAAld accumulation.
Metabolic Profiles of Exogenous
Discussion
In this article we have described the isolation of the SUR2 gene. The pooled analysis approach adopted in this study has allowed the difficulties linked to cloning genes tagged with autonomous transposable elements to be overcome. This approach may possibly be used to facilitate the cloning of genes in plants containing autonomous transposons. The SUR2 gene encodes the cyt P450 CYP83B1. Mutations in the SUR2 gene clearly induced an increase in the IAA pool size in all tissues analyzed, including those not normally thought to produce auxin. We analyzed the metabolic pathways thought to control the IAA pool size, namely catabolism, conjugation, and biosynthesis. As expected, on increased endogenous IAA concentrations, formation of oxindole-3-acetic acid and the catabolically related conjugates IAAsp and IAGlu was increased, thereby clearly demonstrating that the sur2 mutation was not affecting this part of the homeostatic control. The IAA conjugation process was also not affected by the mutations as the contents of IALeu and IAAla were not significantly different from that of the wild type.
The SUR2 gene was induced by stress, by in planta overproduction of auxin as in the sur1 mutant, and by exogenous auxin. This result suggests that SUR2 might act as a negative feedback regulator in one of the IAA biosynthesis pathways under different environmental conditions.
The sur2 mutant showed a conditional phenotype that was strongest during early seedling development, reverting to a more wild-type phenotype after 12-15 days. The restoration of sur2 to a wild-type phenotype was induced by growing the seedlings in the presence of exogenous IAA or on a low pH medium. This restoration coincided with a clear reduction in the content of free IAA, which was correlated with a decrease in IAN content. IAN has been described as the IAA precursor in the Trp-IAOx-IAN-IAA pathway in Arabidopsis (reviewed in ref. 26 ). Our results suggest that a mutation in the SUR2 gene leads to an up-regulation of the Trp-IAOx-IAN-IAA pathway.
To verify this hypothesis we analyzed IAA biosynthesis in a feeding experiment in which conversion of indole and tryptophan, two of the most likely precursors in IAA biosynthesis, was monitored. Interestingly, we did not observe significant modifications in the Trp-IAOx-IAN-IAA pathway as expected, but a dramatic accumulation of IAAld in sur2 instead. IAAld is the precursor of IAA in the Trp-indole-3-pyruvic acid-IAAld-IAA pathway, which may indicate a deregulation of this pathway in the sur2 mutant. However, IAAld has been also postulated to be an intermediate in the Trp-IAOx-IAN-IAA pathway (30, 31) . Labeling experiments showed that only minute amounts of label were transferred from IAAld to IAA, indicating that no real up-regulation of the Trp-indole-3-pyruvic acid-IAAld-IAA pathway occurred. The lack of IAN accumulation in the mutant can probably be explained by the rapid interconversion of this intermediate into IAA. Then why do the mutants accumulate IAAld? It is known from animal systems that oximes can be metabolized in two ways: reduction to imine followed by hydrolysis or conversion to aldehyde, or P450-mediated dehydration to a nitrile (32) . A similar model can explain the sur2 phenotype. Hull et al. (15) have recently proposed IAOx as an intermediate not only for glucosinolate synthesis, but also as the first intermediate in the IAN-dependent pathway for IAA biosynthesis. A mutation downstream of IAOx will thus potentially lead to an increase in the flux of IAN to IAA. Alternatively, IAOx can be reduced to the corresponding imine, which can then undergo pH-dependent hydrolysis to IAAld. This model is favored by our observation that IAAld accumulates in sur2 independently of an up-regulation of the Trp-indole-3-pyruvic acid-IAAld-IAA pathway. It is also supported by the fact that the conversion from IAOx is highly pH dependent, with higher activity at low pH than at high pH. Our observation that the sur2 phenotype is restored to a wild-type phenotype at low pH can be interpreted as follows. At low pH significant amounts of IAOx are converted to IAAld, which accumulates and is only converted to IAA to a limited extent. Conversely, at high pH the conversion of IAOx to IAAld is blocked, leading to increased pool sizes of IAOx that feed into the IAN pathway. This conclusion is also supported by the effect of pH on the IAN content observed in sur2. One of the most surprising results in this study was that 1 M exogenous IAA could also restore the phenotype of sur2 to a wild-type phenotype by significantly reducing the endogenous IAN level. One explanation could be that exogenous IAA modifies endogenous pH and in this way modulates the conversion of IAOx to IAAld.
It should be noted, however, that a direct conversion pathway from IAOx to IAA or indole-3 ethanol has been postulated before (31) , and, based on our data, the existence of such a pathway cannot be precluded. Interestingly, this pathway uses IAAld and not IAN as an intermediate from which IAA or indole-3 ethanol is formed by oxidation or reduction.
From our results we can conclude that the sur2 mutation causes increased synthesis of IAA, which is not mediated via the Trpindole-3-pyruvic acid-IAAld-IAA pathway. The exact mechanism resulting in higher synthesis remains to be fully elucidated, but our observations indicate that the SUR2 gene is most probably involved in the regulation of the Trp-IAOx-IAN-IAA pathway. These results are strongly supported by the fact that the CYP83B1 (SUR2) enzyme has recently been shown to catalyze the N-oxidation of IAOx, which is the first step in indole glucosinolate biosynthesis (Bak et al., unpublished data). These results also suggest that IAOx is at the branch point of two biosynthetic pathways. Therefore a mutation in SUR2 would lead to an up-regulation of IAA synthesis through the disruption of the indole glucosinolate pathway.
